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ABSTRACT: Since the support structure of an offshore wind turbine has to withstand severe environmental loads such as wind, wave, and
seismic loads during its entire service life, the need for a robust and reliable design increases, along with the need for a cost effective design. In
addition, a robust and reliable support structure contributes to the high availability of a wind turbine and low maintenance costs. From this point
of view, this paper presents a design process that includes design optimization and reliability analysis. First, the jacket structure of the NREL
5-MW offshore wind turbine is optimized to minimize the weight and stresses, while satisfying the design requirements. Second, the reliability of
the optimum design is evaluated and compared with that of the initial design. Although the present study results in a new optimum shape for a
jacket support structure with reduced weight and increased reliability, the authors suggest that the optimum design has to be accompanied by a
reliability analysis during the design process, as well as reliability based design optimization if needed.
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Table 1 Wind turbine class and marine conditions for reference site
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Table 3 Ultimate design loads of initial reference design

Wind conditions Marine conditions

Wind turbine class 1I Site-specific conditions
Ve [m/s] 425 Hs [m] 3.33
Wave
Viwe [m/s] 8.5 Tp [s] 8.46
B Iis () 0.16 Current Uc [m/s] 1.65
a () 3 Ave. water depth I [m] 20

mdlo] FAapd oty iAo AA sl =4 B 4
(Average water depth) 20m, {+2|3}3(Significant wave
height, Hs) 3.33m, -2]%}5-7](Peak period, Tp) 8.46%, W+
AolA 2[4 E(Total current speed, Uc) 1.65m/s & A&-3k
ot o] 279 = HolFIH(Intermediate water depth) U
Al #4447 (Dispersion relation) S THE3SEAITE HAE = 0172
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Table 2 Design load case of ultimate design load for the
support structure

Design situation  Parked (standing still or idling)

Design load case DLC 6.2b
Wind condition Extreme wind speed model (EWM)
Vi = Veso

Waves reduced wave height (RWH) H = Hs

misaligned (MIS),
multi-directional (MUL)

extreme current model (ECM)

Wind and wave
directionality

Sea currents
Water level extreme water level range (EWLR)
loss of electrical network

ultimate strength (U)

Other conditions
Type of analysis

Loads Symbol Value Unit
Fx Fx 357.3 kN
Fy Fy -2179.2 kN
F7 F; -7141.10 kN
Mx Mx 141173.0 KNm
My My 11412.0 kNm
Mz Mz 76131 kNm
4717k AStanding St A Ao 25 Sl
T Mol AatEA %= AdEl(Idling) oA 50d F71E ZHe 3
2T FAEFEVe)d 508 7] AN (Hs) D FHEF
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Axial force

Boundary condition

W= 4

L2

(a) Design variables (b) 3D isometric view

Fig.2 Initial design model and design parameters

Table 4 Geometry parameters and initial reference design

Name Symbol Value Unit
Leg length Ly 16.1 m
Leg distance L, 10.0 m
Leg angle a 8.826 deg
B; diameter Dg1 600 mm
M; diameter D 1500 mm
M, diameter Dmp 1800 mm
M; diameter D 1800 mm
B; thickness tp1 12 mm
M; thickness tam 22 mm
M, thickness v 22 mm
M; thickness tams 22 mm
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Table 5 Comparison of initial design and optimum design

Vlggzll%lg . Imhzzlml?lt)eagn Ophm(t;g:n i)eﬁgn
Dg: 600 570
D 1500 1376
D 1800 1740
Dus 1800 1635
tB1 12 10
Eni 22 27
tan 22 18
tass 22 19
L 16100 11060
L, 15000 13910

a [deg] 8.83 6.94
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Table 6 Maximum unity and weight of two designs

Initial Design ~ Optimum Design

UNITY CHECK B 0.55 0.66
UNITY CHECK M, 111 0.97
Weight(ton) 2753 257.6

L1:11.06m

L1:16.1m

Unity Check
B1:0.66

Unity Check
B1:0.55

Unity Check
| | M1:0.97
Lf

(a) Initial Design (b) Optimum Design

| | Unity Check
| M1:1.11
|

L2:15.0m L‘

L2:13.91m

Fig. 4 Initial and optimum designs
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Table 7 Reliability design variables

Name Distribution Ccov
Dgi, tg;, Dvi, ti, 1= 1,2,3 Normal 0.01
Fx, Fy, Fz, Mx, My, Mz EVD 0.1

8.77E+01 4
TITE+D1
6.77E+01
5.77E+01
4 77E+01
3.77E+01
277E+01
1.77E+01
7 B9E+00

1266402

1.06E+02

BAOE01

£ 60E+01

4 B0+

260E+01

£.00E+00
400E+03

Histogram

8.00E-01 1.00E+00 1.20E+00

(@) Normal Distribution

Histogram

£.00E+03 B.00E+03 1.00E+04 1206404

(b) Extreme Value Distribution

Fig.5 Distributions of input random variables

4L e+ Aok
A e E Fysr] f1ste] Table 49 A1 A
= DNV 40l whe} A3 (Normal distribution) S, 27

oS FX|EE(Extreme value distribution) & Zt+= EEAA

HEE Table 73} o] ThA] A J8ATHDNY, 1992). Fig. 5=
Table 79| EEdAM el tidt Arrdzet AL oE
ERATE dAISS tigk SEHTY] COV(Coefficient of
variation)= 0.1(DNV, 19%), AATZES] B4 FEWHT9
COVE A9 5824 71#R1 0015 AEste] i e Ajol
g A4 sAE 43313 Th(Hess et al.,2002).

AAe) Az e ofeel 4] ()3} o] 22t FEAEG

TE Ze AT ARSI AAVIER] Al
A& UEE G52 AL
x)=H g (x)<1]i=l...4
where X={Dy.D,1. Dy Dyotiystystyyss Fon o EL MMM ()



o2 A &8 FZ7]9(Sampling method) ¥} 1435 &
H(Fast probability integration) &2 F&5]o] AM8-HTh

2 F= 7 T ditEo R Wol AgHE VMo de
& Rt ofy gt SAVGEI ol thE oW’ WP TkebA] @,
Ao e IR 9y gES 7 T Ue EHEE PH
(Monte Carlo sampling)®] $1th(Sailby, 1990). 1&3-E 2 &7
He gE W] Bydt B4 18a £ Ui AR 9
EgEol ik AhEQl A3E] A=) AH A F(Reliability index) &
ZAE o2 Ashs WH o2 IA FORM(First-order reliability
method) ¥} SORM(Second-rrder reliability method) .= 1T}
¥, Youn et al(2008)2 YW A 7AW (Univariate
dimension reduction, UDR)®l| 7]%3}], E&4o0=2 RHES

A4¥sh= eDR(Eigenvector dimension reduction)”|H-& A<t

PDF Plot ( Max_UNITY_Check_B1)
Probability[-IlIF<Max_UHITY_Check_B1<1]: 100(%)
4 55601
405E-01
355601
3.05E-01
255E-01
205E-01
1.55E-01

1.05E-01

S47E-02

4 BBE-03

0s 1
Max_UNITY_Check_B1
(@) Bl initial design
PDF Plot  Max_UNITY_Check B1)
Probability[-F<Max_UNITY_Check_B1<1]:99.9999(%)
45601
402601
3560
302601
25601
202601
152601
102601

5.21E-02

2.06E-03

05 1
Max_UNITY_Check_B1

(c) Bl optimum design
Fig. 6 Reliability analysis results
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(d) M1 optimum design
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